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Introduction: The martian climate has long been
thought to have evolved substantially through history
from a warm and wet period to the current cold and dry
conditions on the martian surface [1]. This view has
been challenged based primarily on evidence that the
early Sun had a substantially reduced luminosity and
that a greenhouse atmosphere would be difficult to
sustain on Mars for long periods of time [2]. In addi-
tion, the evidence for a warm, wet period of martian
history is far from conclusive with many of the salient
features capable of being explained by an early cold
climate [3, 4]. An important test of the warm, wet early
Mars hypothesis is the abundance of carbonates in the
crust [1].

Recent high precision isotopic measurements of the
martian atmosphere and discoveries of carbonates on
the martian surface provide new constraints on the
evolution of the martian atmosphere [5-8]. This work
seeks to apply these constraints to test the feasibility of
the cold early scenario.

Methods: A stepwise CO, evolution model was
constructed that calculates the CO, pressure in the
martian atmosphere from 3.9 Ga to the present. At-
mosphere thickness present at 3.9 Ga (used as the start-
ing condition) was varied in the model runs and as-
sumed to have 8"°C of +26%o in equilibrium with the
average ALH 84001 carbonate [9]. Magmatic degass-
ing was based on estimates of crustal production [10,
11]. Estimates of atmospheric loss of CO, on Mars
range from as few as 45 mbars [12] to as much as 3
bars [13]. Our estimates are scaled to ~300 mbars fol-
lowing calculations described in [14]. Carbonate preci-
pitation is assumed to occur evenly through time at a
rate proportional to the atmospheric density.

Results: The constraints provided by the isotopic
measurements are met using assumptions consistent
with a cold early Mars. Carbonate precipitation is the
most significant sink of CO, which both reduces the
overall amount of atmospheric CO, as well as balanc-
ing the substantial fractionation caused by atmospheric
loss (Fig. 1). Volcanic degassing occurring since 3.9
Ga is only a minor portion of the overall CO, budget
and has a negligible effect on the modeling. Assuming
a 1 bar atmosphere at 3.9 Ga, the model predicts that
840 mbars of CO, would be stored as carbonate which
amounts to 1.6% of the upper 1 km of Mars. This
would be in addition to any carbonates formed prior to
3.9 Ga.

The model predicts an average carbonate 3"°C of
+69%o which is higher than any carbonate found in the
martian meteorites. If a large enough fraction of the
early atmosphere was lost via sputtering and photo-
chemical processes since 3.9 Ga then we should expect
the average 6"°C of carbonates to be very high (>
~50%o) to balance the amount of '>C lost to space and
maintain a low modern atmospheric value. Thus, if the
model utilized a reduced atmospheric loss calculation
similar to [12], the average 8"C of the carbonate on
Mars would be reduced to near +35%o.
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Sinks moles C bars & C (%)
Crustal Carbonates 7.43E+19 0.838 68.89
Modern Atmosphere 2.68E+18 0.030 -2.45
CO2 Lost to Space 2.40E+189 0.270 -121.27
Total 1.01E+20 11383 21.87

Figure 1. Model output for 1 bar atmosphere at 3.9 Ga.

Discussion: This work assumes that the bulk of the
processes of primordial degassing, hydrodynamic es-
cape, and impact erosion all occurred prior to 3.9 Ga
and are accounted for in the starting conditions. Pre-
sumably the average 5"°C value of the ALH 84001
carbonates (~+40%o [9]) is broadly representative of
the atmosphere at that time enriched through atmos-
pheric loss.
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Figure 2. Displays the evolution of CO, pressure and isotopic composition from

3.9 Ga to the present in the stepwise model.

Our modeling shows that an early cold martian
climate is consistent with the the constraints set by the
abundance and isotopic composition of CO, and car-
bonates on Mars (Fig. 2). This self-consistent history
of CO, evolution contains no “missing” carbonates and
a 1 bar of CO, is not seen as being sufficient to warm
the planet even in the presence of substantial SO, [15].

Martian dust contains 2-5% carbonate [16] and
may be a representative sample of the upper crust of
Mars. If the upper 1 kilometer of crust of Mars con-
tains only 4% carbonate, then it can account for 2 bars
of CO,. Assuming that 1 bar of CO, was sequestered
into the crust prior to 3.9 Ga, and additional CO, was
lost to early hydrodynamic escape and impact events, it
is reasonable to think that the atmosphere at 3.9 Ga
was about | bar as assumed in this study. If atmospher-
ic pressures were substantially more than 1 bar at 3.9
Ga then much more extensive buried carbonate reser-
voirs similar to the recently discovered deep crustal
carbonates [8] remain to be found.

Oxygen isotopes reveal an important discrepancy
that may inform climactic conditions and history on
Mars as well. All of the weathering products and water
measured thus far from the martian meteorites span-
ning a range of 4 billion years have shown a A'’O
anomaly indicating that they formed from a reservoir
of oxygen that is not in equilibrium with the lithos-
phere of the planet [17, 18]. However, oxygen isotopes
in atmospheric CO, indicate that the oxygen reservoir
has been buffered through exchange with the lithos-
phere over time preventing an enrichment of 80 by
atmospheric loss [5]. This suggests that predominant
weathering styles on Mars may be very different from
the Earth and what might be expected from a warm,
wet early history [19].

This discrepancy can be resolved if the weathering
on Mars occurred in a cold climate. We suggest a
model where weathering occurs in a top-down manner
driven by precipitation of snow, dust, and acidic aero-

Sublimation of these deposits left behind a
residue of hydrated aggregates that were sub-
sequently reworked by eolian processes [20].
The atmospheric dominance in these systems would
allow simultaneous exchange of O and '"O between
silicate dust particles, water and ''O rich ozone, pre-
serving an A'’O anomaly in the secondary minerals.

A denser atmosphere may have been possible dur-
ing the early Noachian (prior to 3.9 Ga) and it is ex-
tremely likely that warm enough conditions existed for
at least brief periods due to large volcanic eruptions or
impact events [22] through the late Noachian and Hes-
perian. As the planet cooled and heat flows decreased
at the end of the Noachian, less frequent melting
events were possible [4].
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